Abstract: This paper describes the thermal performance of different configurations of trenches using various trench geometries and backfill and insulation materials. A limited number of laboratory tests were conducted to confirm the thermal properties of the backfills reported in the literature. The frost protection of water service is measured in terms of the number of days it takes for the frost front to reach the depth of water service lines under sustained subzero surface temperatures. The study specifically included typical granular materials used within the City of Ottawa (formerly the Region of Ottawa-Carleton), but the findings can be equally applied to other urban areas in Canada where the surficial terrain is rocky. The thermal analyses of the trenches were conducted using the finite element method that appropriately represents phase changes when the temperature falls below the freezing point of water. The analyses indicate that the use of sandwich insulation is ineffective, and that latent heat of backfill and native soils has a great impact on the frost protection of water service lines. A list of possible trench depths with different backfills and their thermal performance is provided.
Introduction
Water to residential and industrial customers is delivered from 150 mm (6 in.) to 200 mm (8 in.) diameter water mains usually buried under adjacent streets or sidewalks via 12 mm (1/2 in.) to 19 mm (3/4 in.) diameter copper or polyethylene (PE) tubing commonly referred to as water service lines. These service lines are typically laid at depths of 1.5-2.4 m in most urban areas within Canada and cross under asphalt concrete roads, concrete or asphalt concrete driveways, and lawns. Frost can penetrate to these burial depths during long Canadian winters and if the water does not flow in these service lines for an extended period of time, then the service lines can freeze and burst, with a resulting loss of water and possible property damage. A recent example is when some residents in various municipalities across Canada experienced repeated freezing of their water service pipes in cold winters (McDonald et al. 1997; Raymond et al. 1999) . The absence of residents from their properties can exacerbate the situation. The period of time for water to freeze can be as short as 12 h due to the relatively small quantity of water in the line, combined with a frost front that is at or deeper than the depth of pipe burial. In some circumstances it is not economical to lay water services below frost depth levels where surficial rock is present. Of course, snow cover can greatly reduce the risk of deeper frost penetration but it is not practical to rely on it to protect water service lines from freezing.
Several options are possible to remedy the freezing of existing water service lines. One of these options is to request that customers open their taps to drip (referred to as the "Let-run"), which maintains water flow in the service lines (Raymond et al. 1999) . In fact, this option can be automated so that an induction valve opens (most often in the laundry tub) automatically whenever the ground temperature near the water service lines reaches a specified level, say, 2°C. The extra costs associated with water loss which are still cheaper than thawing the service line are often picked up by the water utility. A second option is to lower the burial depth below expected frost depths. This option is not economical for most existing water service lines but is an important consideration for new installations. Sepehr and Goodrich (1994) conducted a study where the primary focus was on the frost protection of water mains in clay when these are laid using a backfill with relatively high thermal conductivity such as controlled low strength materials (CLSM), which are mixtures of low cement content, sand, aggregates, and sometimes excavated soils (Adaska 1994) . Thermal analysis was also conducted on the use of lightweight aggregate. Lightweight aggregate is produced in a rotary kiln from clay or shale with grain sizes varying in the range of 5-25 mm; however, this material is not always widely available. The focus of this paper is on the thermal protection of water service lines where different backfill materials are used and where the native material is rock (limestone). The presence of rock is a worst-case scenario because rock can have very high thermal conductivity and therefore can lead to the earlier arrival of the frost front at the water service line than would be the case if the native material is sand or clay.
An ideal trench backfill is that which meets the requirements of the buried pipes and the pavement structure. The general requirements for the backfill are as follows: easy to place with minimal or no compaction, low or no differential frost heave, cost effective, low strength to permit excavations with hand shovels, provide frost protection for the pipe, provide adequate lateral support for flexible pipes, and minimal long-term surface settlement under repeated traffic loads to maintain the integrity of the reinstated trench. All of these requirements are difficult to meet with any existing backfill and therefore efforts are required to design trenches that meet these conflicting requirements.
This paper reports on a recent study carried out for the City of Ottawa which was aimed at revising their current standards for burial depth of water service lines and on the use of trench backfill materials in different trench configurations. This study was preceded by a project (Kuraoka and Rajani 1996) where field measurements of soil temperatures were validated (Fig. 1 ) using thermal analysis. Onedimensional finite element analysis was conducted for a 1.4 m wide trench where the native and backfill soils were primarily granular. The field validation provided the impetus for a thorough revision of the current design standards used for the protection of water service lines by the City of Ottawa. The objective of this study was to develop recommendations to mitigate freezing potential of service lines. The study focused on two specific items: (i) evaluation of thermal properties of native and backfill materials, and (ii) thermal analysis to determine ideal trench configurations with and without the use of insulation materials such as extruded or expanded polystyrene with particular emphasis on trenches in rock.
In this paper, the depth of the trench refers to the cover depth of the water service line as opposed to the depth to the bottom of the trench.
Thermal properties of native backfills, engineered backfills, and insulation materials
Water service lines are installed at the specific cover depth without the use of any particular bedding, which is not the case when water mains are laid. Water mains are usually laid underneath a street, and granular bedding and backfill are required. For service lines, the native clay soil is commonly used as backfill material. Alternatively, materials referred to as granular C (Ontario Provincial Standard Specification 1993), granular A, and stone dust may be used for backfilling service lines in Ontario. Granular C and stone dust are variations of granular materials used in Ottawa. These granular materials consist of crushed rock or a mixture of crushed gravel, sand, and fines. The gradation characteristics of these materials are shown in Fig. 2 ; however, the thermal properties of these materials are not well established. Therefore, standard thermal conductivity measurements were conducted on samples in frozen and unfrozen conditions at different expected moisture levels.
The specified gradation of granular C materials covers a broad range of grain sizes and encompasses the range of granular A. Because the granular C specification is so wide, it was not surprising that one of the two samples of granular C material had a quite uniform grain size of 19 mm (3/4 in.) while the other had a gradation similar to that of granular A material. Thermal conductivity measurements were not conducted on the sample with uniform 19 mm particles because a proper test could not be conducted using the setup in our laboratory. The granular C sample with uniform 19 mm particles resembles a soil reported by Farouki (1981) . Thus, its saturated unfrozen and frozen thermal conductivities were inferred as 1.92 and 3 W/(m·K), respectively. These values were used for the thermal analyses reported in this paper. Specific heat values of these materials were obtained using the formulae given by Lunardini (1981) .
Thermal conductivities of clay, granular A, stone dust, and CLSM were measured in the laboratory using a designated conductivity probe which was designed based on the transient line heat source method (Wechsler 1966; Goodrich 1977; Farouki 1981) . The measured values are summarized in Table 1 . CLSM is often used as a substitute for stone dust during winter repairs because of ease of placement and minimal long-term surface settlement of the trench. Thermal properties of rock (limestone) are obtained from Johnston et al. (1981) , and those for extruded and expanded polystyrene are from manufacturers' catalogues. Extruded polystyrene and polyurethane insulation materials have thermal conductivities of 0.035 and 0.026 W/(m·K), respectively.
Thermal analyses
Water service lines are usually 25-38 mm in diameter and, when stagnant, the heat from the water in these service lines can be practically neglected. Therefore, the water pipe has been excluded in the thermal analyses presented here. The thermal protection of water service lines is expressed in terms of days for the soil at the depth of the water service line to freeze after the date when the average air temperature falls below 0°C, shown as 13 November 1993 in Fig. 3 . The aim of trench thermal design is to prevent the frost front from reaching the depth of the water service line. This is usually a period of approximately 130 days in Ottawa based on the weather records of Environment Canada. The simulations conducted herein used a period of 130 days of subzero air temperatures (Fig. 3) . 
Finite element discretization
All thermal analyses were conducted using the ABAQUS finite element software (Hibbitt, Karlsson & Sorensen 1996) . ABAQUS is a powerful general purpose finite element program that can be used to solve a wide variety of field problems which includes the appropriate treatment of phase change of the water within the soil. It also permits the consideration of trenches with different backfills, insulating materials, and boundary conditions. All finite element thermal analyses were conducted on a two-dimensional representation of the trench and the surrounding area. Furthermore, symmetry of the trench geometry permitted the solution of only half of the problem and thus led to a substantial reduction in computational effort. The finite element domain of corresponding Can. Geotech J. Vol. 38, 2001 The thermal and geotechnical engineering properties of the backfill and native materials are listed in Table 1 . Different thermal properties were used for backfill and native soils depending on their frozen-unfrozen state. The latent-heat effect for the water in the soil was included in the analysis when appropriate. Latent heat is the amount of heat required to melt the ice (or released when water freezes) in a unit volume of a mass without a change in temperature (Goodrich and Gold 1981) .
Boundary conditions
The native rock at a depth of 15 m was assumed to be at a constant temperature of 12°C, which is representative of field measurements. The surface thermal boundary conditions were established using the average air temperatures for the most recent severe winter of 1993-1994 in Ottawa when a large number of frozen water service lines were experienced. As a first step, the ground temperatures of the trench and surrounding soil-rock were conditioned to the likely thermal ground regime by conducting thermal analyses with average monthly temperatures starting from 1 July to 31 October 1993. Then, the surface of the ground was subjected to a smoothed thermal loading curve that was estimated using the daily mean air temperatures for a period of 180 days starting on 1 November 1993 (Fig. 3) . To verify if the use of the smoothed thermal loading curve is suitable, a 2.44 m trench (case 11-1) was analyzed using the actual daily mean air temperatures as shown in Fig. 3 . The same trench was analyzed again using the smoothed temperature curve (case 7-1). Analyses of these two cases yielded essentially the same results, i.e., in both cases the frost front reached the service line in 50 days. The temperature versus time plots (not shown) of the two cases were basically one on top of the other.
Therefore, the use of the smoothed thermal loading curve, which facilitated faster convergence during the executions of the transient finite element analysis models, is acceptable.
The ground surface temperatures were assumed to be the same as the air temperatures (n-factor = 1, Goodrich and Gold 1981 ; where the n-factor is defined as the ratio of the surface freezing index to the air freezing index) to represent locations where the service lines had to cross four-lane paved streets where snow was constantly cleared during winter (Raymond et al. 1999) .
Once commenced, it was decided to conduct thermal analysis of a trench in the rock formation in two stages. The first stage of the analysis considered trench depths of 0.92 and 2.44 m. The shallowest depth corresponds to the desired depth in rock to minimize rock excavations and corresponds to the requirements mandated by Ottawa. The cover depth of 2.44 m corresponds to the normal burial depth of water mains. The thermal analysis in the first stage clearly indicated that the water service line at 0.92 m had protection from frost for 33 days when the granular A backfill was saturated at a moisture content of 11%. A close look at the thermal analyses suggested that the high thermal conductivity and lack of available latent heat in rock (limestone) play a dominant role in the heat transfer. Any changes to the design of the trench would have to be significant to have an important impact on the thermal protection of water service lines. Furthermore, the analysis also demonstrated that a surface layer of 150 mm of granular A on top of 300 mm of granular C adjacent to the 2.44 m deep trench delays the arrival of the frost front at the water service line from 51 days to 109 days. These findings led to the second stage of the study where trench depths of 1.52, 1.83, and 2.13 m were analyzed. The 1.52 and 1.83 m depths were analyzed with a surface layer of 50 mm of lawn-sod, both with and without the use of extruded polystyrene insulation boards above or enclosing the service line. The nonlinear analyses using temperature-dependent thermal properties were carried out with a minimum time step of 0.05 h and a maximum time step of 15 h. The finite element software can adjust time steps automatically to achieve faster convergence. The findings of these two stages of analyses are discussed in the following sections. The analysis of each trench configuration is designated a case number in Tables 2  and 3 with a suffix that refers to the stage of analysis, i.e., 1 and 2 representing the first and second stages of analyses, respectively.
Results and discussions of thermal analyses: first stage
In this first stage of the analysis, two typical trench geometries were considered: a shallow trench (0.92 m) representing a water service line crossing a ditch, and a deep trench (2.44 m) (Fig. 5 ). Backfill materials with two moisture contents, the use of different insulation thickness, type of insulation, and pavement subgrade were analyzed (cases 1-1 to 10-1). The results will be applicable to the most severe case of no surface granular layers. Surface granular layers, which is the normal case, were included in cases 13-1 and 14-1 with the 2.44 m deep trench.
The typical isotherm profile 25 days after commencement of below-zero surface temperatures for service line buried at a depth of 0.92 m is shown in Fig. 6 (case 1-1) . Table 2 summarizes the number of days for the frost front to reach water service lines at depths of 0.92 and 2.44 m below the surface for various trench designs. The range of number of days for the frost to reach the water service line at the specific depths in Table 2 is analyzed with respect to the effect of clay and granular A backfills with two moisture contents, the use of different insulation types and thicknesses, and the presence of pavement subgrade adjacent to the trench. The analyses of the current design practice using native clay as backfill with no insulation around the water service lines (cases 9-1, 10-1, and 14-1) were also conducted for comparative purposes. The following key observations can be made regarding the results of the thermal analyses summarized in Table 2 .
Cover depth 0.92 m (3 ft)
Cases 1-1 and 2-1 illustrate that saturated granular A retards the arrival of the frost front at the service line by 9 days, compared to the use of dry backfill, or as much as 1.4 times longer (Fig. 7) . The use of clay backfill material instead of granular A can contribute considerably towards frost protection as indicated by comparing cases 12-1 and 13-1 with cases 1-1 and 2-1. However, the use of clay trench backfill is restricted to areas where settlement in reinstated trenches is not of major concern. The use of an insulation layer above the pipe (case 13-1) adds 4 days of thermal protection to the pipe compared with the case without insulation (case 14-1) where clay backfill is used.
Cover depth 2.44 m (8 ft)
As expected, similar thermal behaviour with granular backfills (cases 3-1 and 4-1) is observed when the water service line is buried at a depth of 2.44 m (Fig. 8) . The delay in the arrival of the frost front is 13 days, or approximately 1.2 times longer. A water service line in a clay-filled trench at a depth of 2.44 m (cases 9-1 and 10-1, moisture content 40% and 80%) and no insulation is protected from frost far longer than any other trench design analyzed, i.e., for 87 and 95 days, respectively (Table 2 ). This once again emphasizes that latent heat within the clay-filled trench does play a useful role in retarding frost penetration.
Thermal analyses in cases 3-1 and 5-1 suggest that a 200 mm (two 100 mm layers) layer of rigid extruded polystyrene insulation sandwiching the service line does not add more protection than a 100 mm (two 50 mm layers) layer for rock-filled trenches. This observation of "less protection with more insulation" was more evidenced in cases 4-1 and 6-1 where wet granular A backfills were used. This seemingly counterintuitive result indicates that the sandwiching method not only impedes the frost penetration downward to the pipe but also impedes the flow of heat up from below. This observation is investigated further in the second stage of the analyses. Comparison between the dry cases (cases 3-1, 5-1, and 7-1) and wet cases (cases 4-1, 6-1, and 8-1) shows that the latent heat effect adds 5-13 days of thermal protection.
Comparisons of the thermal analyses of cases 5-1 and 7-1 (dry granular A) and cases 6-1 and 8-1 indicate that rigid insulation (extruded polystyrene) and polyurethane insulation provide equal thermal protection to the water service line buried at a depth of 2.44 m. This result is not totally unexpected because the relative difference in thermal conductivities of the polystyrene and polyurethane insulation materials is not as significant as that of the limestone rock or granular A.
All the trench designs discussed previously (cases 1-1 to 14-1) considered that the material adjacent to the trench is entirely native rock. However, a situation where the surficial materials consisting of subgrade (Fig. 4) such as granular A and C is more likely to exist under paved streets. Thermal analyses (cases 16-1 and 17-1) were conducted to reflect this situation, and it was found that the water service line was protected from freezing for the entire winter season for both cases. Trenches with nonfrozen service lines are discussed later in the paper.
The effect of latent heat on frost penetration is demonstrated with the paired dry and wet analyses. Clay backfills with 80% moisture content show better protection than those with 40% moisture content. The results of all cases in the first stage show that time to the lowest temperature at the pipe location lags behind that of the minimum surface temperature (Table 2 ; Fig. 13 ). As expected, the deeper the service line, the longer the delay to reach the minimum temperature. Furthermore, when the frost front ceases to penetrate depends on the material properties of the surrounding soils and the pipe burial depth.
Results and discussions of thermal analyses: second stage
Based on the results of the first stage analyses, it was decided not to vary the moisture content of the materials used in the second stage analyses. Moisture contents of 40 and 11% were used with clay and granular A materials, respectively. In situ moisture contents of these two materials at these levels can be expected.
Typical trench configurations analyzed for shallow and deep trenches with and without insulation are shown in Fig. 9 . In the first stage of analysis it was found that a surface layer of granular material above the native rock and Can. Geotech J. Vol. 38, 2001 trench can significantly delay the arrival of the frost front at the depth of water service lines. Therefore, all trench configurations in the second stage of analysis included a surface layer of clay, which is anticipated to have similar thermal properties to that of a lawn. The typical isotherm profile 48 days after commencement of below-zero surface temperatures for service line buried at a depth of 1.52 m is shown in Fig. 10 (case 4-2) . Table 3 summarizes the number of days for the frost front to reach water services lines at depths of 1.52, 1.83, and 2.13 m for various trench designs. The range of days for the frost front to reach the water service line at the specific depths in Table 3 is analyzed with respect to the effect of different insulation types and thicknesses and a surface layer of lawn or sod.
Cover depth 1.52 m (5 ft)
The temperature histories with the cover depth of 1.52 m (cases 1-2 to 6-2) are shown in Fig. 11 . The time for the arrival of the frost front at the service line varied from 64 days for case 5-2 to 76 days for case 4-2 for all rock trenches. The results indicate that 1.52 m rock trenches do not have enough thermal protection, even when insulation is used. Case 6-2 represents a clay trench with clay backfill, and the results show that the frost front did not reach the depth of the service line. In this case the temperature at the pipe depth did not drop below the freezing point primarily because of the release of latent heat as the soil froze.
Case 5-2 represents a case where the service line is sandwiched between two 100 mm thick extruded polystyrene insulation boards, whereas case 5b-2 represents a case where one 100 mm thick extruded polystyrene insulation board is placed directly above the service line. Case 5c-2 represents a case similar to that of case 3-2 except that one 100 mm thick extruded polystyrene insulation board was included above the service line. As shown in Table 3 , the temperature at the pipe location for the 200 mm sandwich insulation case (case 5-2) reached the freezing point at 64 days, 3 days sooner than the case with only 100 mm of insulation at the top (case 5b-2). This analysis confirms that the bottom insulation impedes heat transfer from below. Comparison of cases 3-2 and 5c-2 shows that addition of 100 mm of insulation directly above the service line in a clay-filled rock trench provides very little added thermal protection value. Thermal protection by adding one layer of 100 mm insulation was offset when the bedding was granular A material (case 5b-2) instead of clay (case 3-2). Latent heat in clay plays a more profound role than 100 mm of insulation in conjunction with 200 mm of granular A bedding.
Case 4-2 represents a case where the placement of a 125 mm thick insulation board is placed 120 mm above the service line. In this case, the frost front took 9 days more to reach the pipe location than in case 5b-2 where the insulation is placed directly over the pipe. This result is in agreement with the recommendations by Sepehr and Goodrich (1994) that insulation should be placed as high as possible above the pipe.
Cover depth 1.83 m (6 ft)
The temperature histories at the cover depth of 1.83 m (cases 7-2 to 12-2) are shown in Fig. 12 . The frost front reaches the service line after 87 days when the backfill is clay (case 7-2). Case 8-2 represents a special situation simulating a possible practice where a 325 mm layer of clay is used, sandwiching the service line, and the remaining trench is backfilled with granular A. The 325 mm clay layer is meant to protect the pipe from potential mechanical damage by fragmented rock if placed directly on the water service line. The time for the frost front to reach the water service line for case 8-2 is 63 days, approximately 8 days longer than in case 9-2 where only granular A backfill is used.
The placement of two 100 mm extruded polystyrene insulation boards sandwiching the water service line results in calculated frost front arrival times of 54 and 50 days when the surface layer is clay (case 11-2) and granular A (case 12-2), respectively. The frost front arrival time at the pipe location with insulation (case 11-2) is 10 days less than that when insulation is not used (case 9-2). These analyses show that two 100 mm extruded polystyrene insulation boards did not add more thermal protection than granular A material. When the 100 mm insulation below the pipe was removed (case 12b-2), the top 100 mm of insulation does add more thermal protection than the case without insulation (case 9-2).
Cover depth 2.13 m (7 ft)
Cases 13-2 and 14-2 represent 2.13 m deep trenches in native rock with granular A backfill. No insulation materials were used. The difference between these two cases was the type of surface layer material, i.e., clay with 40% moisture content in case 13-2 and granular A with 11% moisture content in case 14-2. The frost front reached the depth of the service line at 67 and 62 days with clay and granular surface material, respectively. The 5 day delay in the arrival time of the frost front is probably not practically significant, since a variation in surface layer depth or thermal properties can easily induce a similar change.
Water service lines will likely freeze towards the end of a long cold winter, i.e., after 105 days, when they are installed at 2.13 m below driveways in rocky areas and backfilled with clay (case 13b-2).
Trenches with nonfrozen service lines
Cases 16-1, 17-1, 6-2, and 10-2 are the trenches where the frost front did not reach the service line. Case 6-2 was a 1.52 m deep clay trench backfilled with clay, and case 10-2 was a 1.83 m clay trench backfilled with granular A material. These two cases show that to prevent the service pipe from freezing, an increase of 0.31 m in depth is required when the backfill material is changed from clay to granular A material.
Both cases 16-1 and 17-1 represent a 2.44 m rock trench backfilled with granular A material, except that case 16-1 also had a layer of polystyrene insulation. Therefore, the use of insulation is not necessary in this case. Since clay has a better thermal performance than dry granular A, one can conclude that under the same conditions but with clay backfills the service line will not freeze either. This result confirms that the minimum design cover of 2.4 m for Ottawa is appropriate (Baker 1997) , regardless of native and backfill material types.
The temperature histories at five different depths along the centreline of the 2.44 m trench represented by case 17-1 are plotted in Fig. 13 . The frost front reached depths of 0.55 m at 33 days, 1.03 m at 52 days, 1.52 m at 67 days, and 2.01 m at 87 days. The maximum depth reached was 2.23 m. Therefore, one can conclude that a service line buried deeper than 2.23 m, regardless of backfill material types, will not freeze.
Summary and conclusions
The first stage of the analysis demonstrated that the thermal and geotechnical properties of backfill materials have an enormous influence on how fast the frost front progresses through the backfill and native materials. The analysis also verified that the use of a smoothed approximated temperature curve as thermal loading on the ground surface was appropriate. Thus, an analysis using this approach can be used in determining if a hazard exists for the water service to freeze. Backfill materials with high thermal conductivities and low moisture contents promote deeper frost penetration. Instances of this behaviour have been demonstrated with the use of controlled low strength material for backfills by Zhan et al. (1995) , Baker (1997) . It is prudent to consider both mechanical and thermal performance when selecting backfill materials for regions subjected to severe cold temperatures. A surface layer consisting of material with low thermal conductivity and (or) high moisture content significantly delays the penetration of the frost front. Use of granular C materials as trench backfill should be avoided, since its specification is so wide and it is possible to use a material that will not adequately reduce frost penetration.
The second stage of the analysis showed that the use of sandwich insulation in trenches is not effective due to the impedance of heat transfer from the soils below. Therefore, this practice should be discontinued. On the other hand, insulation placed on top of the water service line provides better thermal protection than the case without insulation. Clay backfill materials with a moisture content of 40% provide more thermal protection than granular materials with a moisture content of 11%. Adding a layer of insulation in clay-backfilled trench does not add more thermal protection Can. Geotech J. Vol. 38, 2001 for the service line. Rather, latent heat in clay plays an important role in delaying the arrival of the frost front at the depth of the water service line.
Based on the results presented, trenches of different depths with different backfills and their thermal performance are summarized in Table 4 .
The study specifically included typical granular materials used within Ottawa, but the findings can be applied to other urban areas in Canada where the surficial terrain is rocky. The thermal analyses offer insight into the desirable combinations of material properties and trench geometries to increase frost protection for water service lines. 
